Poly(ADP-ribose) polymerase-1 (PARP-1) is an abundant DNA end-sensing and binding molecule. Inactivation of PARP-1 by chemicals and genetic mutations slows cell proliferation, increases sister chromatid exchange (SCE), micronuclei formation and chromosome instability, and shortens telomeres. Given its affinity to DNA breaks and temporal occupation on DNA strand break sites, PARP-1 is proposed to prevent inappropriate DNA recombination. We investigated the potential role of PARP-1 in repair of DNA double-strand breaks (DSBs) and stalled replication forks. PARP-1À/À embryonic stem cells and embryonic fibroblast cells exhibited normal repair of DNA DSBs by either homologous recombination (HR) or nonhomologous end-joining (NHEJ) pathways. Inactivation of PARP-1 did not interfere with gene-targeting efficiency in ES cells. However, PARP-1À/À cells were hypersensitive to the replication damage agent hydroxyurea (HU)-induced cell death and exhibited enhanced SCE formation. Ablation of PARP-1 delayed reactivation of stalled replication forks imposed by HU and re-entry into the G2-M phase after HU release. These data indicate that PARP-1 is dispensable in HR induced by DSBs, but is involved in the repair and reactivation of stalled replication forks.
Introduction
Homologous recombination (HR) functions as a major pathway in the repair of DNA double-strand breaks (DSBs) and genome replication damage. DSBs are major pathological DNA structures in dividing cells, which are often generated by stalled or collapsed replication forks due to genetic mutations or exogenous damage. Repair of DSBs is mainly conducted by HR or nonhomologous end-joining (NHEJ), and is critical to maintain genomic integrity in eukaryotic organisms (Jackson, 2002) . HR, as an accurate mode of DSB repair, restores the damaged genetic information by promoting the broken DNA sequence to interact with its homologous donor sequence. Left unrepaired, DSBs can cause chromosome translocations, or breaks, leading to genomic instability, a hallmark of cancer (Hoeijmakers, 2001) .
HR provides major nonmutagenic repair to stalled replication forks that are induced when the replication fork encounters DNA lesions induced by endogenous or exogenous DNA damage. Recombination proteins bind to ssDNA generated by stalled replication forks, forming a nucleoprotein filament that is necessary to perform HR, which uses the intact sister duplex with subsequent resolution of the Holliday Junctions (HJ) (Cox, 2001; McGlynn and Lloyd, 2002) . This process is believed to be conducted mainly by Rad52 epistasis group molecules. Rad51 is a major repair molecule that promotes HJ formation and interactions between sister chromatids at stalled replication forks (Cox, 2001; Masson and West, 2001) . In response to replication arrest, Rad51 translocates to the replication forks (Tashiro et al., 2000; Saintigny et al., 2001; Lundin et al., 2002) to facilitate HR repair of replication abnormalities (Cox, 2001; Masson and West, 2001) . Moreover, proper disruption of Rad51 nucleoprotein filaments attenuates recombination and may be required for cells to restart replication (Krejci et al., 2003; Veaute et al., 2003) .
PARP-1 is an abundant nuclear enzyme, which is catalytically triggered when it binds to DNA breaks. Biochemical and genetic studies have indicated that PARP-1 plays a role in DNA repair, recombination, proliferation and genomic stability, as well as in suppressing tumorigenesis (see reviews D' Amours et al., 1999; Burkle, 2001; Tong et al., 2001a) . Given its DNA break-binding activity, PARP-1 may temporarily occupy DNA strand break sites, thereby preventing inappropriate DNA recombination (Lindahl et al., 1995) . Chemical inhibitors of the enzyme, as well as dominantnegative or null mutations of PARP-1, reduce cell proliferation and cause a high degree of chromosome aberrations and sister chromatid exchange (SCE), as well as telomere shortening (D'Amours et al., 1999 ; see also Tong et al., 2001a) . Moreover, enhanced chromosomal instability was observed in cells lacking PARP-1 and other DNA repair or chromosomal guardian molecules such as DNA-PK , Ku80 (Tong et al., 2002) or p53 (Tong et al., 2001b (Tong et al., , 2003 . These data indicate that PARP-1 functions in the suppression of chromosome aberrations, most likely via its role in shuttling in and out of DNA ends, and by interacting with other DNA strand break-processing molecules. Furthermore, although V(D)J recombination and Ig class switching are not altered in PARP-1À/À mice , an elevated level of recombination efficiency due to PARP-1 deficiency has been illustrated by the partial rescue of V(D)J recombination and, thereby, T-cell development in SCID mice in a PARP-1 null background (a mutation in DNA-PKcs; see Morrison et al., 1997) . All these data support the notion that PARP-1 may function as an anti-recombinogenic factor.
Although PARP-1 binds mainly to single-stranded DNA (ssDNA), many studies suggest its involvement in sensing and/or repairing DSBs. PARP-1 is shown to interact with DNA-PKcs (Ariumi et al., 1999) , Ku80 (Galande and Kohwi-Shigematsu, 1999 ) and MRE11 (Boulton et al., 2002) . Mice lacking both PARP-1/ATM (Me´nissier-de Murcia et al., 2001) or PARP-1/Ku80 (Tong et al., 2002; Henrie et al., 2003) show early embryonic lethality. Finally, PARP-1 null mutation compromises the proliferation of embryonic fibroblasts (EFs) (Wang et al., 1995 Tong et al., 2000) . Moreover, SCID mice in a PARP-1 null background and PARP-1/Ku80 double null embryos (Tong et al., 2002) exhibit growth retardation. All these data imply the involvement of PARP-1 in the repair of DSBs by HR or NHEJ, and perhaps in replication. However, the molecular pathway used by PARP-1 in stabilization of the genome remains elusive. In the present study, we attempt to define the function of PARP-1 in these processes.
Results

PARP-1 is not essential for HR repair in vivo
We first tested the role of PARP-1 in recombination repair using a fluorescence-based assay system involving chromosomally integrated substrates (Pierce et al., 1999) . PARP-1 þ / þ (A16 and A19) and PARP-1À/À EF cell lines (A11 and A12) containing a single intact copy of the reporter substrate DR-GFP were isolated after puromycin selection and verified by Southern blotting (data not shown). Three independent DR-GFP clones from each cell line were transfected with the ISceI expression vector to induce genomic DSBs at the integrated DR-GFP substrate. Although a trend of less recombination events was noticed in PARP-1À/À cells, the difference of the number of GFP-positive cells between both genotypes was not statistically significant (Figure 1a, b) , indicating that PARP-1 has minimum effects on homologous-directed-repair (HDR). The transfection efficiency in both genotypes was virtually identical (about 75%), monitored by transfection with the GFP-expressing vector (data not shown).
Normal gene-targeting efficiency and HDR in PARP-1 null ES cells
To further test HR in defined chromosome positions and in other cell types, we targeted the DR-GFP substrate to the X-linked hypoxanthine phosphoribosyl transferase (hprt) locus (Pierce et al., 2001) in male ES cells. The gene-targeting vector (hprt-DRGFP) was electroporated into two ES cell lines of both PARP-1 þ / þ and PARP-1À/À genotypes, and targeted clones were obtained after puromycin and 6-thioguanine (puro/ 6-TG) double selection, and verified by Southern blotting and PCR (data not shown). Despite some variations between experiments, gene-targeting efficiency (homologous vs total integration) was similar in PARP-1 þ / þ and PARP-1À/À ES cell lines in any given experiment (Table 1) . Therefore, PARP-1 null mutation does not seem to influence gene-targeting events in ES cells. To test HR, three clones of each cell line of each genotype (Table 1) were electroporated with the I-SceI-expressing vector and a similar proportion of GFP-positive cells was observed in both wild-type and PARP-1 null cells (Figure 2 ). The equal acceptance of exogenous DNA by both PARP-1 þ / þ and PARP-1À/À cells was confirmed by the GFP expression in B80% of ES cells after transfection of the GFP-expressing vector (data not shown). Taken together, our results indicate that PARP-1 is dispensable in HR repair of DSBs in random and targeted integrated DNA substrates in EF and ES cells, although a downward trend was observed in PARP-1À/À cells in these HDR experiments.
Recombination repair is unaltered at the I-SceI site in PARP-1À/À ES cells
We further defined the repair pathways in the I-SceIinduced DSBs in the substrate. In the current recombination system, HR may occur via short tract gene conversion (STGC) or homologous deletion (HD), whereas NHEJ may lead to either precise or imprecise repair (Pierce et al., 2001) . HR or imprecise NHEJ will result in I-SceI-site loss, which can be verified by I-SceI endonuclease cleavage (Figure 3a) . To this end, DNA was isolated from ES cell lines documented in Figure 2b , and the surrounding sequences of the I-SceI site were amplified by PCR. After I-SceI digestion, 31% of PARP-1 þ / þ and 26% of PARP-1À/À ES cells showed I-SceI-site loss (P ¼ 0.310; Figure 3b , c). To examine whether I-SceI-site loss after DSB repair was via HR or imprecise NHEJ, we sequenced I-SceI-resistant fragments (I-SceI R in Figure 3b ) from 60 clones derived from PARP-1 þ / þ and 44 clones from PARP-1À/À ES cells, and found a similar amount (73-75%) of I-SceIsite loss events in both genotypes contributed by HR (Figure 3d ). The remaining 15-18% of I-SceI-site loss events in PARP-1 þ / þ and PARP-1À/À ES cells were due to imprecise NHEJ, typically accompanied by loss or insertion of a few nucleotides (Figure 3d ), suggesting that the absence of PARP-1 does not greatly change the frequency or character of localized NHEJ events. We also found that 3-6% of DNA capture events were associated with the insertion of DNA fragments, which originated from the I-SceI vector, into the DSB site ( Figure 3d ), an observation also reported previously (Liang et al., 1998) . Taken together, the spectra of DSB repair in PARP-1 null cells are similar to wild-type cells, indicating that PARP-1 is dispensable in HR repair of DSBs in chromosomally integrated DNA substrates.
Sensitivity of PARP-1À/À cells to hydroxyurea (HU) treatment
In mammalian cells, stalled replication forks constantly generate ssDNA ends, and their repair involves HR using sister chromatids (Sogo et al., 2002; see also McGlynn and Lloyd, 2002) . Since PARP-1 has major binding activities towards ssDNA breaks, we further tested whether PARP-1 is involved in the repair of Sphase-specific DNA damage. As the collapse of replication forks (generating DSBs) may induce cell death (Nyberg et al., 2002) , we first examined the survival of primary PARP-1 þ / þ and PARP-1À/À EFs in response to HU treatment, which inhibits DNA synthesis and causes replication fork arrest. Cells were exposed to various doses of HU and cell survival was examined by a colony-formation assay. At all doses tested, the number of colonies was reduced in PARP-1À/À EFs compared to wild-type controls after 10 days in culture (Figure 4a ). Table 1 ) were electroporated with the I-SceI-expressing vector or mock plasmid as described in Figure 1A . (b) Percentage of GFP-positive cells is shown and bars represent the mean of three clones of each genotype. P ¼ 0.66 (t-test). The experiments were repeated using two independent cell lines of each genotype
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In addition, we found more TUNEL-positive cells in the PARP-1À/À population than in wild-type counterparts (Figure 4b ). These data suggest that the absence of PARP-1 compromises cell viability in response to replication fork damage.
Compounds that inhibit DNA synthesis (e.g., see Rainaldi et al., 1984; Cortes et al., 1993) and the PARP-1 activity (e.g., see Ikushima, 1990 ) increase SCE formation. We thus tested whether PARP-1 deficiency would render cells susceptible to HU-induced SCE formation. PARP-1À/À and PARP-1 þ / þ EF cells were treated or untreated with HU and SCE formation in these cells was scored. Without HU treatment, PARP-1À/À EFs contained more spontaneous SCEs when compared with PARP-1 þ / þ EFs (Po0.0001, Figure 4c ), consistent with previous reports (Me´nissier-de Murcia et al., 1997; Wang et al., 1997) . After HU treatment, both genotypes exhibited elevated SCE Hypersensitivity of PARP-1 null cells to HU suggests that PARP-1 may be involved in the repair of stalled replication forks. We next investigated the repair of replication forks arrested by HU in cells lacking PARP-1 by analyzing translocation of Rad51 to stalled replication forks, where it is thought to promote strand exchange reaction and conduct HR (e.g., see Tashiro et al., 2000; Saintigny et al., 2001; Lundin et al., 2002) . Without HU treatment, Rad51 foci were almost undetectable in confluent cultures (data not shown), whereas in subconfluent cultures, a low, but comparable, number of Rad51 foci were found in PARP-1 þ / þ and PARP-1À/À primary EF cells (Figure 5a, b) , suggesting that the presence of Rad51 foci is most likely linked to the replication status. After HU treatment, Rad51 foci were induced in both PARP-1À/À and PARP-1 þ / þ EF cells, and the number of Rad51 foci was markedly increased in PARP-1À/À cells ( Figure 5c ). Quantitative analysis of Rad51 foci-positive cells showed that in comparison with PARP-1 þ / þ cells, the distribution of PARP-1À/À EFs was shifted towards cells containing a higher number of Rad51 foci, with B40% of cells containing 35-54 foci and another 25% of cells containing more than 75 foci (Figure 5d ). To further define the kinetics of Rad51 foci during replication arrest release, we measured the Rad51 foci change at 6 h and 12 h after removal of HU. As shown in Figure 5E , while the majority (85%) of PARP-1 þ / þ cells contained 5-34 Rad51 foci, PARP-1 null cells maintained higher numbers of Rad51 foci 6 h after HU release. The number of Rad51 foci in both PARP-1 þ / þ and PARP-1À/À cells reduced to a similar level only after 12 h (Figure 5f ). These data indicate that Rad51 foci were not efficiently removed in Delayed reactivation of replication in the absence of PARP-1
As dislodgment of Rad51 from nucleoprotein filaments is proposed to facilitate replication restart (Krejci et al., 2003; Veaute et al., 2003) , we next tested whether the delay of Rad51 foci clearance in PARP-1 null cells had any impact on the reactivation of replication, by analyzing cell cycle progression into the G2-M phase after HU release. To this end, cells were labeled with BrdU before HU treatment and the progression of replication was monitored by the accumulation of BrdU-positive cells in the G2/M phase after HU release.
To control the experimental setting, flow cytometry analysis revealed that 34.5% of PARP-1 þ / þ and 25.3% of PARP-1À/À cells incorporated BrdU, respectively (Figure 6a) . At 0 h after removal of HU, most cells were arrested in the S phase in both PARP-1 þ / þ and PARP-1À/À EFs (Figure 6b ). While wild-type cells were found to resume DNA synthesis and enter the G2-M phase as early as 3 h after HU release, PARP-1À/À cells did not enter the G2 phase until 9 h after HU release, with the entry becoming more evident after 12 h (Figure 6b ). Furthermore, we counted the number of cells over a 12-h period after HU release (2 mM HU) and found that PARP-1À/À EFs did not grow until 8 h after HU release and proliferated at a very low rate during this period, whereas PARP-1 þ / þ EFs doubled their cell numbers after 3 h (Figure 6c ). These observations may explain the proliferation defects of PARP-1 null et al., 1999) . Thus, PARP-1 seems to be necessary for the proper reactivation of DNA synthesis after replication fork arrest.
Discussion
In the present study, we demonstrate that the ablation of PARP-1 in mouse EF and ES cells does not interfere with the repair of DSBs by either HR or NHEJ in a substrate stably integrated at a random or defined (targeted) locus in chromosomes. These findings are consistent with a recent report showing that chemical inhibitors of PARP do not affect HR repair in V79 Chinese hamster cells (Schultz et al., 2003) . These results may be surprising because genetic and biochemical studies have implicated PARP-1 in the repair and/or sensing of DSBs. As DSB repair is mainly conducted by the MRE11/Rad50/NBS complex, DNA-PK and the Rad52 epistasis group of proteins (Jackson, 2002) , it is possible that PARP-1's function in HR repair may be Role of PARP-1 in the repair of DSB and stalled replication forks Y-G Yang et al masked or tossed aside in the presence of these major pathways. On the other hand, a dispensable function for PARP-1 in DSB repair may be expected because PARP-1 has been shown to be mainly involved in binding to ssDNA breaks (see reviews D' Amours et al., 1999; Burkle, 2001) .
However, PARP-1 seems to play a dual role in the response to replication damage. The stalled replication fork triggers binding of Rad51 to the replication forks to form foci, which is believed to facilitate HR repair of replication abnormalities (Cox, 2002) . Although we did not observe a significant increase of spontaneous Rad51 foci in primary PARP-1 null EFs, the absence of PARP-1 markedly elevated Rad51 foci formation after HU treatment, implying an elevated recombination activity during the repair of replication abnormalities (Masson and West, 2001; Cox, 2002) . In this regard, it is interesting to note that the Rad51 foci-containing cell population was readily increased in immortalized PARP-1 null EFs (Schultz et al., 2003) . This increased Rad51 foci is apparently independent of expression levels of the cellular Rad51 protein, because Western blot analysis revealed no change of Rad51 protein levels in wild-type and PARP-1 null EFs after HU treatment (data not shown). Therefore, the elevated number of Rad51 foci in PARP-1 null cells after replication stall may be rather due to Rad51 re-distribution or recruitment to the foci. This phenomenon suggests that PARP-1 represses Rad51-mediated HR repair at replication forks, which may be achieved through PARP-1's affinity for ssDNAs that are generated during the repair of replication forks (Sogo et al., 2002) and that thereby occupy the site or compete with other HR repair molecules, such as Rad51. However, whether PARP-1 directly competes with Rad51 during HR repair of stalled replication forks requires further investigation. An alternative explanation could be that there is a proportion of sites after HU damage that are preferentially repaired by a pathway involving PARP-1, but, in the absence of this enzyme, the repair of these sites is picked up by a fallback mechanism involving Rad51. Since HR repair during replication arrest promotes strand exchange using sister chromatids to repair replication forks, it is reasonable to speculate that this event induces SCEs (Tashiro et al., 2000 ; see also Masson and West, 2001) . Consistent with this notion, high degrees of Rad51 foci in PARP-1-deficient cells correlate well with increased SCEs. It is worth mentioning that cells with defective HR proteins Rad51, Rad54 and NBS1 show a low SCE frequency (Sonoda et al., 1999; Dronkert et al., 2000; Tauchi et al., 2002) .
On the other hand, the persistence of Rad51 foci and the delayed reactivation of replication in PARP-1 null cells suggest that more time is required to dismantle a higher amount of HR complexes (e.g. Rad51) before replication reactivation. In this regard, recent studies have shown that removal of Rad51 by Srs2 (a DNA helicase) from nucleoprotein filaments minimizes DNA recombination, which is thought to be a prerequisite for resolution and reactivation of stalled replication forks (Krejci et al., 2003; Veaute et al., 2003 ; see also reviews by Cox, 2001; McGlynn and Lloyd, 2002) . However, the biochemical pathway used by PARP-1 in the negative regulation of Rad51 nucleoprotein filaments is currently unknown. Nevertheless, it is interesting to note that PARP-1 has been shown to associate with the multiplereplication complex (MRC) in DNA replication and, by poly(ADP-ribosyl)ation, and PARP-1 modifies replication molecules in vitro (Simbulan-Rosenthal et al., 1996) . It is thus possible that the accumulation (or persistence) of Rad51 foci is one of the consequences of a lack of poly(ADP-ribosyl)ation which may modulate the ability of the repair complex to solve the stalled replication. Finally, we cannot rule out the possibility that PARP-1 deficiency may affect, either directly or indirectly, replisome or primosome activities to resolve the stalled replication forks and thereby induce replication fork collapse.
The delayed clearance of Rad51 foci in PARP-1 null cells may also indicate an enforced effort to repair collapsed replication forks. If stalled replication forks are not repaired, chromosome aberrations are induced and apoptotic machinery is activated by the S-phase checkpoint (Sogo et al., 2002 ; see also Nyberg et al., 2002) . Alternatively, in the absence of PARP-1, cells enter the S phase with a higher load of DNA damage, including ssDNA and DSBs, which will result in more HR that promotes strand exchange to repair replication forks. Consistent with these hypotheses, PARP-1 null cells exhibit a high degree of chromosomal aberrations (Tong et al., 2001a) , Rad51 foci persistence and delayed reactivation of stalled replication forks, as well as increased apoptosis in response to HU treatment (the present study). Finally, the delayed re-entry of PARP-1À/À cells into the G2/M phase after HU removal may be explained by the possibility that PARP-1 directly modulates S-phase completion checkpoint molecules, which will affect S-phase exit and G2/M transition. In this regard, it is interesting to note that the absence of PARP-1 affects the accumulation or induction of p53 in response to DNA damage (Wesierska-Gadek et al., 1999) . Taken together, our results suggest that the absence of PARP-1 facilitates Rad51 loading to stalled replication forks; however, inefficient clearance of Rad51 foci delays reactivation of replication and reentry into the cell cycle.
It has been well documented that inactivation of PARP-1 results in chromosome instability, a high degree of SCE and a reduced proliferation rate. The present study shows that PARP-1 deficiency does not greatly change the frequency or character of the DSB repair carried out by HR or NHEJ pathways, suggesting a nonessential role for PARP-1 in these pathways. However, PARP-1 deficiency increased the accumulation of Rad51 and SCE frequency in response to replication arrest, implying an elevated recombination activity and/or higher levels of ssDNA breaks in the absence of PARP-1. These observations support the hypothesis that PARP-1 is indeed an anti-recombinogenic factor, and also explains the genomic instability phenotype associated with PARP-1 deficiency.
Materials and methods
Construction of cell lines for recombination assays
3T3 EF cell lines included A11, A12 (PARP-1À/À) and A16, A19 (PARP-1 þ / þ ) (Wang et al., 1995) . EF cell lines containing a single intact DR-GFP reporter were constructed essentially as described previously (Pierce et al., 1999) . PARP-1 þ / þ and PARP-1À/À embryonic stem (ES) cell lines were established from blastocysts derived by intercrossing heterozygous PARP-1 þ /Àmice (129/Sv; Wang et al., 1995) as described (Robertson, 1987) . Gene targeting of hprt-DRGFP into two PARP-1 þ / þ (ES9-1 and ES32-3) and two PARP-1À/À (ES6-1 and ES17-2) male ES cell lines was performed as described previously (Pierce et al., 2001 ; data not shown).
For HDR assays, 100 or 50 mg of the I-SceI expression vector pCBASce (Richardson et al., 1998) was electroporated into 1 Â 10 7 EF or ES cells, respectively. Mock plasmid pCAGGS (without the I-SceI gene) and GFP-expressing plasmid pCAGGS-EGFP containing the same regulatory elements as pCBASce were constructed for mock and transfection efficiency controls, respectively. Flow cytometry analysis was performed using a FACScalibur apparatus equipped with Cellquest software (Becton Dickinson, San Jose, CA, USA).
PCR detection of DSB repair and DNA sequencing DNA surrounding the I-SceI site was amplified by PCR from the genome of I-SceI-transfected cells using primer 1 (5 0 -GGTTCGGCTTCTGGCGTG-3 0 ) and primer 2 (5 0 -GTAGCCTTCGGGCATGGCGG-3 0 ). The PCR products were digested with I-SceI (New England Biolabs, England, UK) and resolved on 2.5% agarose gels. Following staining with ethidium bromide, the density of DNA bands was quantified as described previously (Pierce et al., 2001) . To determine the spectra of DSB repair products, the I-SceIresistant fragments were recovered from the agarose gels and sequenced. P-values for error bars were calculated by GraphPad Prism biostatistics software.
Colony formation assay
Logarithmically growing EFs were trypsinized and a total of 1000 cells were plated onto a 10 cm culture dish in duplicate 3 h prior to the treatment of various doses of HU for 12 h. After 10 days, the colonies were fixed with methanol and stained with Giemsa. Colonies consisting of more than 50 cells were scored under a microscope and survival was calculated as a percentage of untreated respective genotype.
Apoptosis assay
EF cells were plated at 5 Â 10 4 cells for 24 h before treatment with HU (Sigma, St. Quentin Fallavier, France) for 4 h, and apoptotic cells were stained using an In situ Cell Death Detection Fluorecin Kit (Roche, Meylan, France). The TUNEL-positive cells were scored in a total of 900 cells of each genotype at each HU dosage and the relative apoptosis was obtained by dividing the TUNEL-positive cells after HU treatment with those from the respective nontreated group.
SCE assay
EFs were cultured in the presence of 10 mM 5-bromo-2 0 -deoxyuridine (BrdU) (Roche) for 18 h, followed by 4 h in the presence or absence of 2 mM HU. After another 24 h in culture, the cells were collected in order to prepare chromosome spreads . Chromatid exchanges were scored in 50 spreads of each treatment and genotype.
Immunofluorescence staining of Rad51 foci
To detect spontaneous Rad51 foci, subconfluent primary EFs were fixed and stained with an anti-Rad51 antibody and counterstained with DAPI. For monitor Rad51 foci formation after HU treatment, primary EFs were synchronized with 2 mM of thymidine for 24 h, followed by a 2-h culture with a drug-free medium. Subsequently, cells were exposed to 2 mM HU for 4 h and harvested at various time points after removal of HU for fixation as described (Tarsounas et al., 2003) . Cells were then stained with a polyclonal anti-Rad51 antibody (1 : 300 dilution, a kind gift from Dr S West) and visualized by a Cy3-conjugated secondary antibody (1 : 200; Sigma). Slides were mounted in Vectashield containing DAPI (Vector Laboratories, Burlingame, CA, USA) and the number of Rad51 foci from 60-80 Rad51 foci-positive nuclei of each treatment and genotype was scored.
Cell cycle progression assay
To analyze cell cycle progression after HU release, primary EFs were cultured in a medium containing 10 mM BrdU (Roche) for 2 h before HU treatment (see 'Immunofluorescence staining of Rad51 foci'). Cells were collected and DNA was denatured with 2 N HCl/0.5% Triton X-100, followed by neutralization with 0.1 M Na 2 B 4 O 7 (pH 8.5). BrdU incorporation was analyzed by flow cytometry after co-staining cells with the FITC-conjugated anti-BrdU monoclonal antibody (Becton Dickinson) and propidium iodide (PI, Sigma). The profile of cell proliferation was analyzed with Cellquest software (Becton Dickinson), and the proportion of replicative cells in the cell cycle was quantified with ModFIT LT software (VERITY, Maine, USA).
